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Abstract Soybean is trifoliolate, but 4-, 5-, or 6-foliolate
leaves have been reported and expression of such multi-
foliolate (MF) leaf forms has been shown to be heritable.
Here we analyze the genetic complexity of the MF
phenotype and the dependence of its expression on the
environment. Recombinant inbred (RI) segregants of
soybean were grown in different environments. The
frequency of plants expressing the MF phenotype as well
as the frequency of nodes exhibiting MF leaves varied
with both the environment and the RI segregant geno-
type. Growth chamber experiments supported field
observations suggesting that environment (day length,
temperature, etc.) at emergence influenced expression of
MF during subsequent growth. Marker facilitated
analyses of three RI segregant populations identified
quantitative trait loci (QTLs) in 17 regions of the soy-
bean genome. These either directly regulated MF phe-
notype expression, or were involved in interactions with
such loci. Loci, identified in one RI population also were
identifiable in another, different, RI population. Most of
the loci affected both the frequency of plants expressing

MF, and the number of nodes on MF plants that ex-
pressed the phenotype. However, a few loci differenti-
ated between these two effects. Many loci affected plants
in both field experiments, however, a few differentiated
between the two environments. Similar patterns were
observed for interactions between loci. QTLs regulating
the MF phenotype were located in genome regions that
also contained QTLs regulating major agronomic trait-
s—e.g. yield, lodging, etc. This suggests that the loci
involved regulate plant growth at some over-arching
level, controlling multiple phenotypes or traits.

Introduction

More than half of all annual plants are inbreeding
including most important agronomic species such as
soybean [ Glycine max (L.) Merrill] (Stebbins 1950; Allard
et al. 1968; Allard 1975). As a consequence, they are
homozygous and maintain their functional genomes in-
tact during reproduction. Genetic variants that arise,
rapidly become homozygous and such variation can be
maintained in successive generations. Thus the entire
genome can evolve as a unit and interactions between
genes distributed throughout the genome can be main-
tained and selected. Adaptation to changing environ-
ments and subsequent selection could utilize the vast
reservoir of genetic information with which different loci
can interact. In such plants, an interactive network of
genes could regulate various traits. Phenotypes associated
with a single genetic locus can be masked, enhanced or
decreased by interactions with the rest of the genome.
These effects of genetic background may alter the
appearance of the phenotype and/or change the fre-
quency (penetrance) with which a phenotype is observed.

In previous communications, we have searched for,
and found, interactions between soybean quantitative
trait loci (QTLs) located on different linkage groups
(Lark et al. 1994, 1995; Orf et al. 1999b). In this paper,
we take advantage of a qualitative phenotype, presence
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or absence of 5- or 7- foliolate leaf forms (Takahashi and
Fukuyama 1919; Fehr 1972; Wang et al. 2000), to
examine the effect of genetic background on phenotypic
expression. Like all of the Glycinae, the normal form of
soybean leaves is trifoliolate. However, 4-, 5- or 6-foli-
olate leaves occasionally are observed at some nodes, on
a few plants. We shall refer to the phenotype of five or
seven foliolate leaves as multifoliolate (MF) leaf form.
The five foliolate phenotype has been assumed to be a
qualitative trait with poor penetrance, governed by a
dominant allele Lf1, on linkage group A2 (U3). A
recessive allele at another locus, Lf2, generates a seven
foliolate phenotype (Fehr 1972). Recently Wang et al.
(2000) reported multi-foliolate (MF) phenotypes from a
Glycine soja (Sieb. and Zucc.) and detected several dif-
ferent loci using crosses between this wild soybean
accession and various soybean cultivars. In all, five dif-
ferent loci Lf1–Lf5 have been identified that can control
the multi-leaflet trait (MF) in soybean. Although these
loci have not been mapped (other than Lf1) they have
been shown to be genetically distinct.

We have treated the frequency of the MF phenotype
as a quantitative trait and searched for loci, or interac-
tions between loci, that regulate phenotypic expression in
different environments. For this purpose we have utilized
three large populations of recombinant inbred (RI) se-
gregants of soybean each of which has been characterized
by a large number of molecular genetic markers.

Materials and methods

The genetic materials used in the studies were described
in detail in Orf et al. 1999a. Briefly, three RI populations
from crosses between Minsoy (PI 27890) and Noir I (PI
290136) (MN), Minsoy and Archer (MA), and Noir I
and Archer (NA) were evaluated for the multifoliolate
leaf form character (MF—i.e. 4-, 5-, or 7-foliolate
leaves). The MN population was grown in 1995 in Ne-
braska, in 2001 at Waseca, Minnesota and in 2002 at
Rosemount, Minnesota. In 2001 the MA and NA pop-
ulations also were grown at Waseca, MN. The Nebraska
trial was planted 19 May 1995, the Waseca trial was
planted 29 May 2001 and the Rosemount trial was
planted 15 June 2002.

The MN RI population was scored for several clas-
sical markers, including the MF trait, in Nebraska in
1995 (see, Specht et al. 2001 for details). The popula-
tions grown in 2001 and 2002 were scored for the
number of plants/row and number of nodes/plant that
exhibited the MF trait at growth stage R5 (Fehr and
Caviness 1977). Seed from the MN population in 2001
was harvested and used to plant the 2002 trial. The plots
were planted as one row plots 3.5 m long with 110 seeds
per plot. The plots were spaced 75 cm apart. Weather
data were collected at each site and day length recorded
based on NOAA published information.

The greenhouse/growth chamber experiments were
conducted in two growth chambers and a greenhouse
bench. The growth chambers were set to simulate the
day length at the planting dates for Waseca 2001 and
Rosemount 2002. The greenhouse was set at 15.5 h of
day length. Twelve genotypes from the MN popula-
tion (four that had few or no multifoliolate leaves in
both years—Group 1; four that had a large number of
multifoliolate leaves in 2002 but few in 2001—Group
2; and four that had a large number of multifoliolate
leaves in both 2001 and 2002—Group 3) were planted
on 15 October 2003 in the growth chambers and
greenhouse in peat pots. Seeds of each genotype were
individually planted in peat pots with ten replications.
The growth chamber parameters were: Growth
Chamber 1–beginning day length 15.35 h, temperature
23�C day/15�C night, light intensity 7000 microEin-
steins, relative humidity 80%; Growth Chamber
2—beginning day length 15.19 h, temperature 23�C
day/17�C night, light intensity 7000 microEinsteins,
relative humidity 80%. The greenhouse was set at
23�C day/17�C night but had more variability than
growth chambers, light intensity varied from full sun-
light � 8500 microEinsteins to supplemental lights
�2100 microEinsteins. The plants in peat pots were
transplanted to 15 cm pots with a soil/sand mix with
Bradyrhizobium inoculum and placed in the greenhouse
on 10 November 2003 when the plants from the
growth chambers were at growth stage V2. All the
plants were grown in the greenhouse until they
reached growth stage V7 at which time the MF phe-
notype data were recorded.

Quantitative trait loci (QTLs) were identified using
the simple interval mapping feature of the computer
package PLABQTL (Utz and Melchinger 1996). This
program uses a multiple regression approach to interval
mapping with marker order and distances determined by
Mapmaker (Orf et al. 1999a). We established empirical
LOD thresholds for QTL detection using permutation
tests (Churchill and Doerge 1994). Five thousand sim-
ulations were used to estimate a LOD threshold of 3.2
for a genomewide significance of 0.05. Interactions be-
tween QTLs were analyzed using the Epistat computer
program (Lark et al. 1995; Chase et al. 1997). This
computer software uses maximum likelihood methods
for both the identification and evaluation of significance
of interactions between pairs of QTLs (Chase et al.
1997). P values were Bonferroni adjusted for the number
of trials. Analyses of variance were used to partition the
total variance into genetic and environmental compo-
nents. Broad sense heritability estimates (Hanson et al.
1956) were computed as:

H2 ¼ sG
sG þ se=r

Where H2 = heritability, sG = genotypic variance, se =
error and r = the number of reps for the trait.
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Results and discussion

Three field experiments demonstrated that the expres-
sion of the MF character was complex and that this
complexity might be attributable to the interaction be-
tween the genome and the environment. The MN RI
population was scored for classical markers in Nebraska
in 1995. QTL analysis of the MF phenotypic data
indicated that the MF trait might be polygenic (see be-
low). In 2001, a detailed experiment was carried out in
which all three RI populations (MN, MA and NA) were
grown in the same Minnesota environment and the
phenotype scored as the plants/row and the nodes/plant
that exhibited the MF trait. This experiment was re-
peated at a different Minnesota location in 2002 using
only the MN population.

Phenotypic data

The data from all of these field experiments are sum-
marized in Table 1, which lists the means, standard
deviations, and maximum percentage of MF values
observed for different populations in different environ-
ments. In Nebraska, the segregant lines were scored
qualitatively, i.e. 1 if any penta-foliolate plant was ob-
served in the segregant line, 0 if the RI line did not
exhibit the MF character. The Minnesota scoring in-
volved measuring the quantitative value of the character
as the percentage of the plants (Pl/row) that exhibited
the MF phenotype as well as the percentage of nodes/
plant that were MF (Nd/Pl). In 2001 the phenotype was
scored on two replicates of RI lines being grown for
yield tests. In that experiment the repeatability of the
scores could be evaluated, comparing the replicates
(MF-plants/row: MN, 0.67; NA, 0.75; MA, 0.78). This
level of replicability indicates that the large standard
deviations in Table 1 were the result of differences be-
tween the RI lines— i.e. differences in genotype. The
coefficients of variation (implicit in the data in Table 1)
indicate that the variation between RI lines in the three
RI populations in 2001 was similar, although more MF
plants (with more affected nodes) were observed in the
MN population. In 2002 only one replicate was evalu-
ated. A heritability value, H2 = 0.7, was calculated for
both plants/row and nodes/plant using the 2001 and
2002 MN experiments. This value is about the same as
the estimates of repeatability obtained in 2001 and
supports the conclusion that genotypic effects regulate
the expression of the phenotype.

Details of the Minnesota 2001 experiments are pre-
sented in Fig. 1. Expression of the MF trait varied be-
tween different RI lines ranging from no MF plants to as
many as 85% of the plants in some RI lines of the MN
population. Those RI lines in which MF plants exceeded
10% plants/row had varying numbers of MF nodes
ranging from 10 to 35% per plant. RI lines with fewer
than 10% MF plants/row had a smaller number of MF T
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nodes/plant (ranging from 1 to 10%). It seemed clear
that for the majority of the plants in all of the RI pop-
ulations there was only a small correlation between the
MF-nodes/plant and the MF-plants/row. This suggests
that MF is not simply the number of nodes per plant
row that express the trait, but that expression is deter-
mined by at least two loci; the ability of a plant to ex-
press the trait and the frequency of nodes subsequently
expressed.

When the experiment was repeated in 2002 using the
MN population, a different pattern of expression was
observed. RI lines were distributed bimodally with re-
spect to the MF plants/row phenotype. Many of the
lines expressed the MF character in a large percentage of
plants (> 90%), and these plants also had a relatively
high frequency of nodes with MF leaves. Another group
exhibited the character in only a few plants and fewer
nodes in these plants were affected.

Many of the RI lines that expressed a high frequency
of MF plants/row in 2002 had exhibited a relatively low
expression frequency in 2001 (Fig. 2a). Although there
was some correlation between lower MF frequencies in
both years, there was little correlation between the two
years in the frequency of MF nodes/plant found in
individual RI lines (Fig. 2b). A striking observation was
the contrast between the distribution of MF plants/row
in 2002 (bimodal) and the distribution of MF nodes/
plant (unimodal). One explanation, suggested by the
data, was that the environment at the time of emergence
might influence the ability to form multifoliates during
subsequent growth. Differences in the environments at

Fig. 1 Scatter graphs showing the frequency of MF nodes per RI
segregant as a function of the frequency of MF plants/row. Data
are shown for the MN, MA and NA populations grown in the 2001
environment as well as for the MN population in 2002. The

numbers of segregants without MF plants in 2001 were: MN-55;
NA-107; MA-147. In 2002 there were 34 MN segregants without
MF plants

Fig. 2 Comparison of the 2001 with the 2002 Minnesota environ-
ments. MN population: a MF plants/row and b MF nodes/plant
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emergence would include the date of planting, and
location, leading to altered photoperiods, as well as the
temperature and humidity of the two field environments
during the short period in which plants emerged.

To further test the dependence of the MF character
on the environment, we compared different MN RI lines
during emergence in different growth chamber environ-
ments followed by subsequent growth in a common
environment. For this purpose, 12 RI lines from the MN
population were selected (Table 2) based on their phe-
notypic behavior in 2001 and 2002. Four of these
exhibited infrequent MF plants/row in both years
(group 1); another four had exhibited infrequent MF
plants/row in 2001 but frequent MF plants/ row in 2002
(group 2); four others exhibited high frequencies of MF
plants in both years (group 3). Plantlets emerged in three
different environments (two growth chambers and the
greenhouse) and were transferred at the second trifoli-
olate stage to the greenhouse. All were grown in the
common greenhouse environment until the seventh to
ninth trifoliolate stage and analyzed for occurrence of
MF character at different nodes. (See, Materials and
methods for numbers of plants, details of potting and
growth chamber conditions—Table 2).

As expected, the three groups differed significantly in
the expression of the MF trait. Group 1 was extremely
low (6/200 MF plants, data not shown) and no conclu-
sions could be drawn about environmental effects.
Expression in group 2 (MN 9, 49, 164 and 328) was
moderately low but again there were too few MF plants
to draw conclusions about the effect of emergence
environment on MF expression. However, the difference
between lines in group 3 is highly significant (Anova
P < 0.0001) demonstrating the dependence of the
expression of the MF phenotype on genotype.

Little can be said about the effect of emergence
environment on groups 1 and 2 because of the low fre-
quency of the trait. However, group 3 (MN 30, 181, 189
and 198) showed significant effects of the three emer-
gence environments on subsequent MF expression dur-

ing growth in the common greenhouse environment. For
both number of MF plants and the number of nodes per
MF plant grown in the common greenhouse environ-
ment, emergence in the greenhouse was less predictive of
MF plants than the first growth chamber environment
(P < 0.0001), which in turn produced significantly less
MF expression than emergence in the second growth
chamber (P < 0.0001). The effects observed were the
same for the number of MF plants and the number of
MF nodes per plant. Moreover, the same differences
remained significant (P < 0.0001) when the MF
expression on only the sixth and seventh trifoliolate
nodes were compared. Although this experiment did not
reproduce the results from the 2002 field experiment, it
demonstrated unequivocally that the environment at the
time of emergence influences subsequent MF expression
during growth of the plant.

Genotypic data

Only 19 RI segregant lines failed to express the MF
phenotype in at least one of the three environments in
which the MN population was grown. Thus, less than
10% of the MN population appeared to be genetically
restricted to trifoliolate leaves, supporting the assertion
of Wang et al. (2000) that several loci may regulate the
MF phenotype.

Identification of QTLs

In each environment expression of the MF character
segregated, allowing us to identify a total of ten QTLs
(Table 3, bold type). Presence or absence of > 3 foli-
olateness was scored on a per RI line basis in Nebraska,
whereas MF nodes/plant and MF plants/row were
scored in Minnesota. The results in Table 3 and Fig. 3
present the QTLs as genomic regions, each containing
segregating haplotypes with one or more genetic loci.

Table 2 MF expression in plants from different MN RI lines grown in different environments

Green- house groups RIL Plants/row Nodes/plant

Field Greenhouse Field Greenhouse

WA 2001 RO 2002 GH WA RO WA 2001 RO 2002 GH WA RO

2 MN9 2.5 95 0.02 0.06 0.04 5 35 0.04 0.12 0.12
MN49 0 95 0.00 0.00 0.00 0 30 0.00 0.00 0.00
MN164 5 95 0.20 0.20 0.30 10 45 0.38 0.58 0.50
MN328 2.5 95 0.02 0.00 0.06 5 45 0.02 0.00 0.10

3 MN30 80 99 0.10 0.70 0.54 30 50 0.24 1.68 1.10
MN181 60 100 0.10 0.76 0.62 25 40 0.56 2.38 1.72
MN189 60 100 0.42 0.86 0.68 10 50 0.88 3.40 2.42
MN198 85 100 0.29 0.88 0.73 35 50 0.90 4.18 2.43

RI lines were selected (see text) based on their MF phenotypes in the field experiments of 2001 and 2002. (The field phenotypes are
presented in the first two columns of each group.) After emergence in the three different environments (see Materials and methods) 50
plants from each RI line were transferred to the greenhouse environment where they continued to grow to the 7–9 trifoliolate stage. These
were scored for the presence of the MF trait (percentage of plants exhibiting MF) and for the frequency of MF nodes per MF plant
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Table 3 Normalized mean values of traits associated with parental
haplotypes. (M Minsoy; N Noir I; A Archer). Haplotypes are de-
scribed in the first three lines of the table: Linkage group: Utah;
(USDA/Iowa), region of significant association and nearest mar-

ker. Trait values were normalized to a population mean of 0.
Means of parental haplotypes (M, N, or A) are presented. Higher
values represent more multifoliolate plants (or leaf nodes)

Fig. 3 A map of the 20 soybean linkage groups showing the
distribution of genotypic regions regulating the MF phenotype
[MA (triangle); MN (dash); NA (circle)]. Multiple regions were

identified on linkage groups U6 (N), U12 (D2) and U14 (L).
Interactions between loci are indicated by lines connecting regions
of the genome. For further details, see text and Tables 3 and 4

Bold: Significant discovery (Identified a QTL) Underlined: difference > 0.25 (Confirming an identified QTL)
QTL effective in one environment, not in another QTL more effective in one environment than in another

Linkage Group U2 (E) U3 (A2) U6 -1 (N) U6-2 (N) U6 -3 (N) U12-1 (D2) U12-2 (D2) U14-2 (L) U14-3 (L) U22 (C1)

Map Region 94-104 104-118 40-62 75-90 102-110 70-78 102-110 100-112 130-138 116-130

Nearest Marker Satt045 Satt508 Satt080 Sat_091 Satt022 Satt397 L204_2 G173_1 A802_2 Satt180

Environment Trait Parent

N 0.13 0.30 -0.29 -0.23 -0.34 0.16 0.09 0.13 0.04 -0.25NE

M -0.15 -0.35 0.28 0.30 0.36 -0.15 -0.08 -0.17 -0.05 0.19

A -0.06 -0.18 -0.01 0.18 0.2 0.01 -0.01 -0.09 -0.05 0.01

N 0.06 0.19 0.01 -0.13 -0.14 -0.05 0.00 0.12 0.07 -0.01

A 0.18 0.02 0.07 -0.10 -0.09 0.00 0.02 0.02 0.02 -0.30

M -0.19 -0.08 -0.06 0.05 0.13 0.00 -0.06 -0.02 0.05 0.27

N 0.17 0.28 -0.38 -0.33 -0.42 0.17 0.05 0.23 0.15 -0.16

MN 2001 Plants/row
(P/R)

M -0.19 -0.32 0.33 0.35 0.35 -0.15 -0.05 -0.29 -0.21 0.12

N 0.18 0.24 -0.24 -0.21 -0.31 0.29 0.26 0.03 0.01 -0.21Pl/R
M -0.21 -0.29 0.23 0.25 0.32 -0.27 -0.23 -0.04 -0.01 0.15

N 0.24 0.24 -0.3 -0.29 -0.31 0.23 0.13 0.07 0.03 -0.31

MN 2002

N/P

M -0.28 -0.29 0.27 0.29 0.35 -0.21 -0.12 -0.09 -0.04 0.23

N 0.16 0.25 -0.31 -0.37 -0.38 0.10 0.07 0.16 0.09 -0.21MN 2001 Nodes/plant
(N/P) M -0.19 -0.29 0.35 0.37 0.38 -0.09 -0.07 -0.21 -0.12 0.16

A 0.14 -0.07 -0.01 -0.03 -0.08 -0.01 -0.03 0.04 0.08 -0.19

M -0.15 -0.06 0.01 0.03 0.11 0.01 -0.01 -0.05 -0.06 0.17

A -0.08 -0.30 0.08 0.17 0.22 -0.06 -0.04 -0.21 -0.20 0.00

N 0.08 0.3 -0.11 -0.20 -0.15 -0.14 0.02 0.29 0.26 0.00
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Bounds for the segregating haplotypes are listed in Ta-
ble 3 and indicated by the boxed regions in Fig. 3. In the
MN population, four QTLs were identified from the
Nebraska data (bold), associated with three different
linkage groups (LGs) (the Utah linkage group is given
first and the USDA/Iowa linkage group in parentheses,
Cregan et al. 1999). One of these, on U3 (A2), was the
locus previously identified as Lf1. Two additional loci
were found on U6-1 and 3 (N) and one on U22 (C1).
MN data from the Minnesota experiments in 2001 and
2002 confirmed these and identified an additional five
QTLs (bold) one each on U2 (E), U6-2 (N) and U14-2
(L) as well as two on U12-1& �2 (D2). Noir I alleles at
six loci, including the A2 locus Lf1, increased the num-
ber of multifoliolates, in contrast to four loci located on
U6 (N) and U22 (C1) at which Noir I alleles decreased
multifoliolates.

In 2001, the MA and NA populations also identified
QTLs. However, there were few: three in the NA but
only one in the MA population that lacked the Lf1 allele
on U3 (A2). Three of these (on U3 (A2), U6-2 (N) and
U22 (C1)), already had been identified in the MN pop-
ulation, either in 2001 or 2002, the fourth, on U14–3 (L)
was identified (bold) in the NA population. Archer
haplotypes were similar to Minsoy at five loci and to
Noir I at the other two.

Confirmation in other RI populations

Table 3 presents normalized mean values for the multi-
foliolate trait associated with haplotypes at the different
loci. It can be seen that six of the seven loci identified in
Minnesota in 2001 were confirmed in one of the other RI
populations grown that year (underlined or bold). Loci
U3 (A2), U6-2 (N), U6-3 (N), U14-2 (L) and U14-3 (L)
could be identified or confirmed either as nodes/plant or
plants/row in the MN and NA RI populations (bold and
underlined values) and the locus on U22 (C1) was
identified in both the MN and MA populations. More-
over, the locus on U2 (E) identified in 2002, was con-
firmed in the MA population in 2001. Thus seven loci
were confirmed in a second, genotypically different,
segregant population. The fact that three loci U6-1 (N),
U12-1 (D2) and U12-2 (D2) did not segregate in either
Archer RI population suggests a dependence of these
loci on the rest of the genome for expression.

Quantitative trait loci regulation of plants/row or nodes/
plant in different environments

Of the ten QTLs identified, seven exhibited segregation
in all three environments (Table 3, those with bold or
underlined values; U2 (E), U3 (A2), U6-1 (N), U6-2 (N),
U6-3 (N), U12-1 (D2) and U22 (C1)). Of the remaining
three (Table 3, heavy boxes) one, U12-2 (D2), only
segregated in Minnesota in 2002; another, U14-3 (L),
only in Minnesota in 2001 and a third, 14–2 (L), in both

Nebraska and in Minnesota 2001 but not in Minnesota
2002. In addition, three other loci, [(U6-1 (N), U6-2 (N)
and U12-1 (D2) (Table 3,light boxes)] exhibited sub-
stantial differences between the amount of phenotypic
variation that they controlled in Minnesota 2001 and
2002. These data suggest that these six different QTLs
contributed to differences in phenotypic expression
(hence penetrance) between Minnesota 2001 and 2002
(Fig. 2).

In the MN population nine of the ten QTLs affected
both plants/row and nodes/plant, either in 2001 or 2002.
The remaining locus, U14-3 (L), affected the number of
plants/row in the MN population in 2001 and the
number of nodes/plant in the NA population. Thus, all
of the loci regulate variation in both aspects of the
phenotype, plants/row and nodes/plant. However, the
extent to which these aspects are influenced varied be-
tween environments.

Interactions between loci

Using epistat we identified several significant interac-
tions between QTLs. These are presented in Table 4 and
shown in Fig. 3. Seven significant interactions
(P < 0.05) were identified (Table 4 **). In addition
three possible interactions (0.1 > P > 0.05) are noted
(Table 4 *). Two of the significant interactions were
confirmed in a second RI population—either MN or NA
(Table 4; ** and +). One, between U3 (A2) and U14-1
(L), could only be found in the MN population (Table 4;
* and �). Possible interactions between U2 (E) and U3
(A2) and between U3 (A2) and U9 (C2) also only were
found in the MN population (Table 4; * and �). The
presence or absence of the other five interactions could
not be determined in the NA or MA populations (Ta-
ble 4; 0), because of the absence of markers in critical
regions of their genetic maps. The lower marker density
in the NA and MA maps can be seen in Fig. 3 by
comparing the marker frequencies on the left [MA(tri-
angle)] or right [NA(circle)] with that in the center
[MN(dash)].

Two loci in Table 4 are involved in multiple interac-
tions: U3 (A2), the region containing Lf1, interacts with
four other unlinked loci on U2 (E), U9 (C2), U14-2 (L)
and U24 (K); and U6-2 (N) interacts with the loci on U1
(J), U4 (B1) and U22 (C1). Table 5 presents normalized
phenotypic means for the four homozygous genotypes
involved in each of these two locus interactions. The
interaction between loci on U3 (A2) and U2 (E) appears
to be haplotype specific, in that Noir I haplotypes at
both loci interact to increase the frequency of multifo-
liolates. In the interactions between loci on U3 (A2) and
U9 (C2) or U3 (A2) and U24 (K) variation between
haplotypes on U3 is conditional on the specific haplo-
type of the U9 (C2) or U24 (K) locus (Noir I or Archer
respectively). The situation is reversed for the interaction
between the U3 (A2) and U14-1 (L) loci. In this case,
variation between haplotypes of the U14-1 (L) locus is
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conditional on the presence of a Minsoy haplotype at
the U3 (A2) locus. Similar conditional relationships are
observed in the interactions involving the U6-2 (N) lo-
cus. Variation at the U6-2 (N) is conditional upon the
Minsoy haplotype of the locus on U1 (J) as well as the
Noir I haplotype of the locus on U22 (C1).

In all the MN examples involving either U3 (A2) or
U6-2 (N) loci, the same genotype to phenotype rela-
tionship was observed in both of the Minnesota envi-
ronments (2001 and 2002). This was not the case for the
interaction between the loci at U6-3 (N) and U14-3 (L).
In this case, a haplotype specific interaction between the
Minsoy haplotype at the U6-3 (N) locus and the Noir I
haplotype at the U14-3 (L) locus increased multifoliol-
oate frequency in the 2001 environment, whereas vari-
ation between haplotypes at the U6-3 (N) locus was

conditional upon the Noir I haplotype of the locus on
14-3 (L). An identical difference between environments
was observed for the interaction between the U6-1 (N)
and the U14-2 (L) loci (data not shown). Of these four
loci, three (U6-1 (N), U14-2 (L) and U14-3 (L)) had
been observed to control different amounts of variation
in 2001 as opposed to 2002 (boxed values in Table 3).
Thus, interactions between loci as well as the indepen-
dent actions of individual loci are responsible for the
multifoliolate phenotypic variation observed in different
environments.

The QTLs that we have identified, account for about
30% of the total MF variation in the MN population
but about 50% of the heritable variation. QTLs in the
NA or MA populations accounted for a much smaller
fraction of the variation (5–10%) despite the fact that

Table 5 Normalized mean values of traits associated with interacting parental haplotypes

Minn ’01 Minn ’02

Pairwise N1N2 N1M2 N1N2 N1M2

Genotypes M1N2 M1M2 M1N2 M1M2

Locus 1 Locus 2
U2 (E) U3 (A2) 0.62 �0.29 0.59 �0.27

�0.18 �0.21 �0.18 �0.19
U3 (A2) U9 (C2) 0.41 0.02 0.47 0

�0.43 �0.11 �0.45 �0.14
U3 (A2) U1 (J) 0.26 0.21 0.19 0.25

�0.09 �0.53 �0.05 �0.55
U3 (A2) U24 (K) 0.55a 0.05c

�0.65b �0.01d
U3 (A2) U14-1 0.26 0.21 0.19 0.25

�0.09 �0.53 �0.05 �0.55
U1 (J) U6-2 (N) �0.18 �0.18 �0.14 �0.06

�0.42 0.61 �0.31 0.4
U6-2 (N) U22 (C1) �0.42 �0.11 �0.28 �0.08

0.48 �0.09 0.44 �0.21
U6-3 (N) U14-3 (L) �0.29 �0.2 �0.46 0.05

0.53 �0.22 0.42 �0.09

Notation for Noir–Archer genotypes (U3(A2)-U24(K)) are presented below. QTL interactions are identified (see, Table 4) as Locus 1 and
2 and mean values for pairwise genotypes are presented. Trait values were normalized as in Table 3
M Minsoy, N Noir I, A Archer
aN1N2,

bA1N2,
cN1A2,

dA1A2

Table 4 Interactions between MF QTLs. The first two columns identify pairs of interacting QTLs (see Fig. 3). These were identified in the
RI populations shown (MN, MA, or NA)

MN MA NA

U1 (J) (Satt431) U6-2 (N) (Satt549) ** � +
U2 (E) (B124_3) [Sat_045]a U3 (A2) (Sat_131b) [Sat_040]b * � �
U3 (A2) (Sat_131b) [Sat_040] U14-1 (L) (Satt156) ** � �
U3 (A2) (Sat040) U24 (K) (A661_1) + � **
U3 (A2) (Satt329) U9 (C2) (Satt277) * � �
U4 (B1) (Satt197) U6-2 (N) (BLT015_1) * � 0
U6-1 (N) (Satt530) U14-2 (L) (G173_1) ** 0 0
U6-2 (N) (Satt521) U22 (C1) (A463_1) ** 0 0
U6-3 (N) (Satt022) U13 (F) (A186_1) ** � 0
U6-3 (N) (Satt022) U14-3 (L) (A802_2) ** 0 0

(+) Confirmation of pre-identified interaction, (–) no such confirmation, (0) insufficient data for confirmation
**Significant discovery < 0.05; *suggestive discovery P value 0.05–0.1
aSat_045 closely linked to B124_3 and could be used as an alternative marker
bSat_040 closely linked to Sat_131b and could be used as an alternative marker
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the coefficients of variation of these RI populations (see
Table 1) were similar to or larger than that of the MN
population. It would appear that in the Archer popu-
lations many genetic loci remain to be discovered that
either occur in regions of the genome that lack genetic
markers (gaps in the maps for these populations) or are
loci that regulate amounts of variation too small to be
identified in populations with these numbers of plants.
Whatever the reason, the results with these populations
indicate that the MF phenotype probably involves many
more loci than the ten that we have identified.

Hox genes

Hox genes have been implicated in leaf morphology in
several studies (Doebley and Lukens 1998; Gourlay
et al. 2000; Bharathan et al. 2002). SNPs were devel-
oped for five such markers using sequence information
in genbank. One of these, segregating in the MA pop-
ulation, mapped to U21 at 86 cM midway between
Satt_478 and Sat_592 (85 cM on linkage group O of
the USDA/Iowa map (Cregan et al. 1999)). Another, at
44 cM on U 17 (42 cM on linkage group I of the
USDA/Iowa map), segregated in both the MA and
MN populations. Segregation of the MF phenotype
could not be linked to either of these markers. The
remaining three SNPs did not segregate in any of the
RI populations.

MF as an indicator of genome response
to the environment

Trifoliolate leaf is the normal phenotype of the Glycinae
including soybean, G. max. However, plants with a few
nodes giving rise to additional leaflets (MF) are fre-
quently observed in soybean and recently were reported
for its wild ancestor G. soja (Wang et al. 2000). The fact
that only certain of these cultivars exhibited this trait to
any pronounced degree already had implied that the
complexity of the genetic background of these inbreed-
ing plants played a role in phenotypic expression. Be-
cause expression often is limited to a few plants and only
some nodes on these plants, it was clear that penetrance
would be limited by interaction with the environment
during growth. These expectations have been borne out
by our results. Striking differences were observed be-
tween different genotypes; and phenotypes of individual
genotypes were differentially expressed when grown in
different environments (Figs. 1 and 2). Additionally,
there appears to be an effect of the environment during
emergence that affects expression even on much later
nodes—e.g. seventh and eighth trifoliates (Table 2).

The MF genotype is complex. In the MN popula-
tion nine QTLs were identified, including Lf1which
already had been mapped to A2 (U-3) (Cregan et al.
1999). Not one of these loci is essential for expres-
sion of the MF character, yet all contribute to the

frequency of its expression. In Minnesota-2001, we
obtained evidence for segregation of all of these and
found that seven of them also were segregating in ei-
ther the NA or MA populations. Yet, we could only
explain a small percentage of the phenotypic variation
in these Archer–derived RIs. Repeatability estimates
(Table 1) indicated that little of this variation could be
attributed to inaccurate assays or micro-environmental
variation. It seems clear, therefore, that in the NA and
MA populations there still must be a number of
additional loci with small effects on MF variation that
we have not detected.

It seems unlikely that the persistence of the MF
phenotype is the result of a selective advantage per se
that confers some form of fitness. The frequency of such
plants is very low in cultivars that have been adapted to
any particular environment and the frequency of MF
nodes on MF plants also is typically low. We would like
to propose that the MF phenotype is incidental to the
expression of regulatory genes that adapt soybeans to
their environment. Whereas we have failed to associate
any hox genes with the phenotype in soybean, studies of
other plants suggest that regulatory genes with multiple
functions control leaf morphology. If genes that regulate
the adaptation of soybean to different environments also
are involved in regulating leaf morphology, we might
expect to find both the variable MF expression and the
complex genotype that we have observed.

We note, in passing, that many of the regions of the
genome implicated in MF regulation also are involved in
major agronomic traits under strong selection (http://
www.soybase.ncgr.org). These include major loci that
regulate plant growth and flowering such as Dt1 and E
as well as loci that regulate shattering, seed weight, seed
number, yield, lodging, maturity and several aspects of
disease and pest resistance. Minsoy and Noir I have a
low level of MF expression (1% or less of all leaves).
However, if their adapted genomes are disrupted by
recombination and segregation following an intercross,
the resulting segregants often have a greatly increased
expression of the phenotype and differ from each other
when placed in different environments. This would be
expected from a genetic network of interacting regula-
tory elements. The strong effect of emergence on the
resulting phenotype (plants/row, Fig. 2) suggests that a
two-step process exists that establishes a response to
environmental cues during early morphogenesis; and
that this response can be subsequently modified during
growth (nodes/plant, Fig. 2). If the MF phenotype is
responding to a more fundamental regulatory system
affecting other agronomic traits, it may be useful as an
indicator of plant adaptation. Such studies could lead to
an identification of the genetic elements that allow soy-
bean to cope with its environment.
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